Circadian clocks coordinate physiology and behavior with the 24-hour solar day to provide temporal homeostasis with the external environment. The molecular clocks that drive these intrinsic rhythmic changes are based on interlocked transcription/translation feedback loops that integrate with diverse environmental and metabolic stimuli to generate internal 24-hour timing. In this review we highlight recent advances in our understanding of the core molecular clock and how it utilizes diverse transcriptional and post-transcriptional mechanisms to impart temporal control onto mammalian physiology. Understanding the way in which biological rhythms are generated throughout the body may provide avenues for temporally-directed therapeutics to improve health and prevent disease.
a rate-limiting factor in excision repair of UV-induced dipyrimidine photoproducts [3] . To better understand the powerful role of the circadian clock in coordinating physiology and behavior, we highlight recent advances in our understanding of the molecular mechanisms used to generate circadian rhythms of protein expression. Exciting new studies point towards an unanticipated integration of diverse transcriptional and post-transcriptional mechanisms to generate circadian rhythms of protein expression on a tissue-specific basis, demonstrating that the molecular clock utilizes many strategies to regulate circadian output and temporal homeostasis with the external environment.
Clocks throughout the body A hierarchical timing system
Circadian rhythms are genetically encoded by a molecular clock located in nearly every cell that generates internal timing of approximately 24 hours in the absence of external cues (Box 1). Molecular clocks located throughout the body in peripheral tissues are organized into a coherent, hierarchical system by a 'master' clock located in the suprachiasmatic nucleus (SCN) of the hypothalamus [4] . The SCN is comprised of approximately 20,000 neurons that form a highly unified circadian network [5] . This master clock is the only molecular clock to receive light input from the retina that synchronizes internal clock timing to the external solar day, which it passes on to peripheral clocks via endocrine and systemic cues [6, 7] . Molecular clocks located in neurons of the SCN and throughout peripheral tissues share the same molecular architecture and capacity to generate sustained circadian rhythms [8] , although one key difference between master and peripheral clocks lies in the degree of their intercellular coupling [9] . A high degree of intercellular coupling among neurons of the SCN forms a neuronal network that is resistant to phase perturbations from internal cues [6] , while the phase of peripheral clocks is susceptible to adjustment from the SCN clock via circulating hormones and other metabolic cues [10, 11] , as well as systemic changes such as body temperature [12, 13] . This network logic ensures that the master clock faithfully keeps intrinsic ~24-hour timing to maintain temporal coordination with the external solar cycle, while peripheral clocks adapt to reflect the local metabolic status of the tissues in which they function [14] .
Box 1 The molecular clock in mammals
The cell-autonomous molecular clock in mammals is generated by two interlocking transcription/translation feedback loops (TTFL) that function together to produce robust 24-hour rhythms of gene expression. The core TTFL is driven by four integral clock proteins: two activators (CLOCK and BMAL1) and two repressors (PER and CRY), as well as kinases and phosphatases that regulate the localization and stability of these integral clock proteins (kinases: CKIα, CKIδ, and CKIε; phosphatases PP1, PP5). CLOCK and BMAL1 are subunits of the heterodimeric basic helix-loop-helix-PAS (PER-ARNT-SIM) transcription factor CLOCK:BMAL1 [59] , which activates transcription of the repressor Per and Cry genes, as well as other clock-controlled output genes. PER and CRY proteins heterodimerize in the cytoplasm and translocate to the nucleus to interact with CLOCK:BMAL1, inhibiting further transcriptional activation. As PER and CRY proteins are degraded through ubiquitin-dependent pathways [72, 73, [109] [110] [111] , repression on CLOCK:BMAL1 is relieved and the cycle begins again with 24-hour periodicity. The casein kinases CKIδ and CKIε play an important role in determining the intrinsic period of the clock by controlling the rate at which the PER:CRY complexes are either degraded or enter the nucleus, and their activity is either counteracted or regulated by the phosphatases PP1 and PP5, respectively [48, 112] .
Notably, familial mutations resulting in the loss of a single phospho-acceptor site on PER2 (S662G) [113] or a loss-of-function mutation in CKIδ (T44A) [114] shorten the intrinsic period of the clock in mice and give rise to sleep phase disorders in humans. A key role for the casein kinases in establishing period length has also been demonstrated pharmacologically via modulation of the kinases with small molecule inhibitors, which dramatically lengthen the period by modulating PER localization and stability [104, 107] . A second TTFL is generated through transcriptional activation by the retinoid-related orphan receptors (RORa, b, c) [115] and repression by REV-ERBα/REVERBβ [32] . TTFL drives rhythmic changes in Bmal1 transcription and introduces a delay in Cry1 mRNA expression that offsets it from genes regulated strictly by CLOCK:BMAL1 [55] . While rhythmic changes in BMAL1 abundance are not required to drive the core TTFL loop [17] , the ROR/REV TTFL-induced delay in Cry1 expression is critical for proper circadian timing [55] . The presence of cooperative, interlocking feedback loops provides robustness against noise and environmental perturbations to help keep accurate circadian timing, and also helps to generate phase delays in circadian transcriptional output that optimally time gene expression for local physiology [44] .
→ box footnotes: Abbreviations: BMAL1, brain and muscle ARNT-like 1; CLOCK, circadian locomotor output cycles kaput; CKI, casein kinase I; CRY, cryptochrome; PER, period; PP, protein phosphatase
Circadian regulation of physiology is locally controlled
Recent studies utilizing genetic tools have explored how master and peripheral clocks are integrated with circadian control of physiology. Single knockouts of most integral clock genes (Box 1) do not completely disrupt behavioral rhythms due to apparent functional redundancy of paralogs or compensation by the coupled SCN network [9, [15] [16] [17] , both of which provide resiliency to maintain clock function. For example, both Period genes (Per 1 and Per2) are required for cycling [18] , perhaps due to their low abundance as the stoichiometrically limiting factor in forming key clock protein complexes [19] .
Deletion of Bmal1 is the only single knockout that eliminates clock function in both the SCN and peripheral tissues; Bmal1−/− mice lack all molecular and behavioral circadian phenotypes, and present additional phenotypes such as decreased activity and body weight, as well as a shortened lifespan [20] [21] [22] . Transgenic expression of Bmal1 in the brain of Bmal1−/− knockout mice restores circadian behavioral rhythms, but does not rescue other comorbid phenotypes; however, rescue of Bmal1 expression solely in muscle tissue improves activity levels, body weight, and increases lifespan, while the animals remain behaviorally arrhythmic [21] . These surprising data suggest that local control of peripheral clock output is sufficient to drive tissue-specific physiology. As predicted from this observation, tissue-specific deletions of Bmal1 in the context of an otherwise rhythmic animal consistently have profound effects on local tissue function that resonate throughout the physiology of the animal [23] [24] [25] [26] . Disruption of the peripheral clock in the liver by targeted deletion of Bmal1 eliminates circadian regulation of glucose regulatory genes, which interferes with the export of hepatic blood glucose in a time-of-day-dependent manner and leads to a systemic disruption of blood glucose buffering over the course of a 24-hour behavioral cycle [24] . Nearly all clock-controlled genes in the liver require the local oscillator for proper temporal expression, although a small number of genes expressed with circadian timing are systemically controlled by the master clock in the SCN [27] . Therefore, circadian timing of tissue function stems predominantly from local control of clockcontrolled proteins with some modulation by systemic pathways. Learning how peripheral clocks integrate signals to generate tissue-specific, rhythmic output will be important to understand how the circadian clock provides temporal homeostasis in normal and pathophysiological settings.
Transcriptional control of circadian output Peripheral clocks regulate tissue-specific expression patterns
Early microarray studies revealed that peripheral clocks regulate vast transcriptional programs to induce a single peak of expression once per day for each of the clock-controlled genes, representing approximately 10% of all expressed genes. These oscillating messenger RNA transcripts are specifically coordinated with tissue function, resulting in only ~1-3% convergence in oscillating transcripts between liver, heart, muscle and the SCN [28] [29] [30] . Comparing clock-driven transcripts in the liver and heart, commonly regulated transcripts include integral clock genes and others that play a key role in maintenance of basic oscillator function and output, such as Rev-Erbα and the PAR bZIP transcription factors Dbp and Tef [31, 32] , while genes regulated in a tissue-specific manner reveal functional ties to amino acid and glucose metabolism (liver only) or G-protein-coupled receptor pathways (heart only) [30] . These studies established the paradigm that circadian output is primarily controlled at the transcriptional level (Box 1), but raised the question of how molecular clocks built upon the same molecular architecture can regulate such divergent gene expression in a tissue-dependent manner. Certainly, tissue-restricted expression of transcriptional co-regulators and/or downstream transcription factors can contribute to unique circadian transcriptional responses in different tissues [31, 33] . However, a proteomic analysis of rhythmically expressed hepatic proteins provided the first glimpse that a purely transcription-driven model could not fully explain circadian rhythms of protein expression in the liver. At least 50% of the soluble proteins examined had robust changes in abundance throughout the 24-hour day with no detectable mRNA oscillation [34] . This is consistent with new findings that circadian control of poly(A) tail length can regulate translation independent of the levels of steady-state mRNA for some genes [35] . Furthermore, the peak expression of some alternatively spliced protein isoforms can also vary significantly [36] , suggesting important roles for post-transcriptional, translational and/ or post-translational regulation in generating circadian output.
How does the interplay of transcriptional and post-transcriptional regulatory mechanisms determine circadian output? Recently, many groups have begun to address this question by performing genome-wide studies examining the temporal recruitment of integral clock proteins, transcriptional machinery and epigenetic modifications to chromatin to determine how the clock confers temporal control over transcriptional output [15, [37] [38] [39] [40] [41] [42] [43] . By quantifying nascent transcripts relative to mature mRNAs, surprisingly, it was found that only ~22-30% of cycling mRNAs have robust, underlying circadian rhythms of transcription [39, 41] , indicating that the vast majority of circadian changes in mRNA levels may result from post-transcriptional regulation. However is it currently unknown what factors determine how a specific gene is regulated (i.e. transcriptionally and/or posttranscriptionally) and how these regulatory processes are integrated between different tissues to exert circadian control over physiology. Future studies focusing on the peripheral clock in the liver, which is an ideal model for how the molecular clock integrates internal timing with systemic and metabolic cues, will provide significant advances towards answering these questions.
Dynamics of circadian transcriptional regulation

Insight into the molecular clock mechanism
The heterodimeric CLOCK:BMAL1 complex is the essential positive regulator of circadian transcription in mammals, binding to several thousand sites throughout the genome in the liver with peak occupancy mid-day at circadian time (CT) CT5-8 (approximately 11 a.m. to 2 p.m.) [39, 42] . CLOCK:BMAL1 binding occurs primarily at consensus E-box DNA motifs and recruits complexes of the integral clock protein transcriptional repressors PER1, PER2, CRY1 and CRY2 with peak occupancy in the evening at CT15-18 [39] . In total, over 1400 distinct sites in the liver genome are bound by all six integral clock proteins with this temporal profile ( Figure 1 ). The current model of the molecular clock (Box 1) posits that cyclical repression of CLOCK:BMAL1 activity by PER:CRY complexes establishes rhythms of transcriptional output occuring with ~24-hour periodicity, which are expanded beyond direct CLOCK:BMAL1 target genes through circadian regulation of additional transcription factors and co-regulators [44] . Outside of their role in establishing the negative arm of the core circadian transcription/translation feedback loop, PER and CRY proteins are also recruited to a staggering number of other sites throughout the genome (>5000 sites independent of CLOCK:BMAL1), that are enriched for nuclear hormone receptor binding sites [39] . This enrichment is in line with their ability to bind and regulate the transcriptional activity of a diverse array of nuclear hormone receptors [45, 46] . These data provide a glimpse into the widespread temporal regulation of transcription factors outside of the core molecular clock loop by PER and CRY, and demonstrate how clock-driven oscillations in their abundance over the 24-hour day may convey timing cues to downstream transcription factors through rhythmic transcriptional regulation.
Significant insight into the core transcription/translation feedback loop model of the molecular clock is gained by examining, at high genomic resolution, how formation of the core circadian transcriptional machinery is controlled as a function of time. PER proteins transport cryptochromes into the nucleus with appropriate circadian timing [19, 47, 48] , but may also contribute directly to repression of clock-controlled target genes through interaction with several classes of RNA-binding proteins, helicases, and other transcriptional repressors [49] [50] [51] [52] . Remarkably, PER appears to regulate circadian control of transcription by at least two different modes. First, PER interacts directly with the CLOCK:BMAL1 at the tail end of the nascent transcript peak to recruit complexes containing SIN3-HDAC that remodel chromatin to repress transcription [50] . Second, PER complexes are also recruited to the Per1 3′ termination site through interactions with RNA-binding proteins and helicases that may play a role in transcription termination to regulate transcription independently of CLOCK:BMAL1 interactions [52] .
Cryptochromes are potent repressors of CLOCK:BMAL1 transcriptional activation, although their mechanism of action has not yet been determined [53] . Of the two mammalian cryptochromes, only CRY1 can sustain circadian cycling in the absence of compensation from SCN network properties [9, 15] , and it requires a significant delay in expression relative to CRY2 that is encoded by multiple clock-regulated promoter elements [54, 55] . Expressing Cry2 from a Cry1 promoter provides the delayed phase of expression but does not restore cycling [56] ; instead, the ability of CRY1 to sustain circadian cycling may be encoded biochemically [57] , perhaps by mediating a unique repressive function or perhaps through increased affinity for the CLOCK:BMAL1 complex. CRY1 can interact with CLOCK:BMAL1 independently of PER proteins [58] and is found at CLOCK:BMAL1-bound sites in the early morning at CT0 (Figure 1) [39, 54] , suggesting that CRY1 may act as a molecular gatekeeper to maintain CLOCK:BMAL1 in a poised and repressed state until the proper time for transcriptional activation.
Towards atomic resolution: structural studies provide new insight
Recent high-resolution structures of clock proteins are beginning to provide fresh insight into the architecture of the circadian transcriptional machinery. Structures of the DNA binding and PAS domains of CLOCK:BMAL1 [59, 60] illustrate how the heterodimeric bHLH-PAS (basic helix-loop-helix PER-ARNT-SIM) complex interacts with E-box sites on DNA and uses modular PAS domains to provide selectivity for each other (Figure 2a ) within the bHLH-PAS family of environmentally sensitive transcription factors [61] . Within this family, both the PAS domains and the intrinsically disordered regions that follow regulate dynamic binding of coactivators and repressors to control transcriptional activation [62] . The PAS domains of CLOCK and BMAL1 have been implicated in PER binding [47, 63] , potentially through direct interaction with the tandem PAS homodimers of PER [64, 65] . Moreover, an overlapping region on CLOCK PAS-B has been implicated in direct binding of CRY1 [66] , as has a region at the C-terminus of BMAL1 [63, 67] , suggesting that the architecture of the core clock protein complex may remodel throughout the day to control transcriptional output. The unstructured C-terminal regions of CLOCK and BMAL1 exhibit structural plasticity, allowing them to interact with several transcriptional regulators that control genomic targeting through chromatin remodeling and the recruitment of transcriptional machinery [66, 68, 69] . The concept that clock function may be partially driven by competition for binding to a few critical signaling 'hot spots' on the core clock proteins is underscored by the observation that BMAL1, PER [70, 71] and the E3 ubiquitin ligase FBXL3 [72, 73] all compete for interaction with cryptochromes at a conserved, surface accessible helix (Figure 2b) [74, 75] . Future mechanistic work examining how interactions between these proteins regulate CRY function may provide insight into the timely progression of repressed and activated states of the CLOCK:BMAL1 complex.
The clock links daily epigenetic changes and RNAPII occupancy to transcriptional activation
Given the complexity of the circadian transcriptional machinery, how is temporal control of transcriptional output regulated so robustly over the 24-hour day? The clock appears to exert temporal control over RNA polymerase II (RNAPII) recruitment, rather than a rhythmic transition from paused to productive elongation, to execute circadian changes in transcription [39, 40] . Phosphorylation of the RNAPII C-terminal domain at serine 5 (RNAPII-Ser5P) correlates with promoter escape and transcriptional initiation [76] . Genomic analysis of RNAPII recruitment to sites bound by CLOCK:BMAL1 over the 24hour day shows that transcriptionally poised RNAPII-Ser5P exhibits a circadian peak of binding to CLOCK:BMAL1 sites in the early morning at CT0.6 [39] . Transcriptional initiation likely requires removal of CRY1 from CLOCK:BMAL1 in favor of the histone acetyltransferase coactivators p300 and CBP [63, 77] , which begins at CT4 and continues for the next four hours with a simultaneous increase in histone acetylation [39] . Transcriptional initiation occurs mid-day with a peak in the formation of nascent transcripts throughout the afternoon and early evening, abruptly decreasing upon recruitment of the repressive PER:CRY complexes to sites of CLOCK:BMAL1-regulated genes [39, 41] . Rhythms of histone modifications at promoters, enhancers, and throughout gene bodies over the 24-hour day correlate with predicted accessibility to transcriptional machinery [39, 40, 43] , consistent with the requirement of diverse histone modifying enzymes for robust circadian cycling [68, [77] [78] [79] [80] [81] [82] . Temporal changes in chromatin remodeling therefore play an important role in priming the epigenetic landscape for circadian regulation of transcription and serve as an additional point of integration with metabolic cues [83] .
Different modes of circadian transcriptional regulation
The integral clock genes and well-characterized clock-controlled output genes that have been studied for over a decade typically exhibit high amplitude rhythms of transcription that confer high amplitude rhythms of mRNA abundance. What distinguishes these 'model' clock-controlled genes from others that exhibit either low amplitude transcriptional rhythms or lack them altogether? The significant overlap between genes common to molecular clocks and genes highly transcriptionally regulated and required for the generation of molecular rhythms suggests that peripheral clocks are hard-wired to encode clock function at the level of transcription [41, 42] . Furthermore, a subset of these core clock genes is defined by the presence of a tandem E-box motif (E1-E2) with precisely defined spacing of two E-boxes that engages CLOCK:BMAL1 cooperatively to increase recruitment of circadian transcriptional machinery at the promoters [42] . Computational studies suggest these regulatory motifs may help cluster specific transcription factors to regulate circadian dependent transcription. [44] . Notably, a comparison of the degree of circadian transcription factor occupancy and the surrounding chromatin environment correlates with the degree of cycling [43] , suggesting that temporal regulation of transcription is achieved through synergistic remodeling of the epigenetic landscape and recruitment of the clock transcriptional regulatory complex.
One surprise from genome-wide surveys is the finding that both chromatin remodeling and RNAPII recruitment exhibit a circadian-dependent variation at nearly all actively expressed genes, even at genes that do not exhibit robust circadian changes in transcription [39, 40, 43] . Widespread changes in epigenetic modifications, such as H3K4 trimethylation and H3K9/H3K27 acetylation, create favorable environments on chromatin for RNAPII recruitment, transcriptional initiation and elongation. These changes could contribute to an overall increase in transcription over a specific period within the 24-hour day, and may suggest that gene expression itself correlates with internal timing provided by the circadian clock. Nearly 70% of genes that have a rhythmic change in mRNA abundance lack a detectable circadian rhythm of transcription, although most of these transcriptionally arrhythmic genes have elevated levels of nascent transcription that precede their cycling mRNA peaks [39, 41] . Moreover, increased variability in transcription rates over a 24-hour day correlates with rhythmic mRNA expression even in the absence of a defined 24-hour transcriptional rhythm [41] , demonstrating that transcriptional discontinuity may play a significant role in the emergence of rhythmic properties in the mammalian clock [84] .
Cis-acting regulatory elements may play a role in shaping the kinetics of transcriptional bursts that contribute to this variability, or noise [85, 86] , likely through recruitment and retention of general transcription machinery and co-regulators by factors that remodel the local environment [87] , such as poly-ADP ribose polymerase (PARP) and the histone deacetylase SIRT1. Notably, the activity of both PARP and SIRT1 is regulated by circadian changes in the abundance of required coenzyme nicotinamide adenine dinucleotide (NAD + ) [88, 89] , which in turn allows the enzymes to influence timing of the molecular clock [82, 90] . NAD + levels vary with metabolic state, potentially serving as an additional point of integration between peripheral clock function and metabolism at the level of transcriptional regulation [91] . Whether by targeted regulation of specific genes or by influencing chromatin structure and RNAPII occupancy genome-wide, molecular clocks utilize many strategies to regulate transcriptional output. These strategies may contribute to the flexibility necessary to confer temporal regulation of physiology on a tissue-specific basis.
Post-transcriptional/translational control of circadian output
Generation of the 24-hour molecular clock that drives circadian changes in physiology and behavior is rooted in transcriptional regulation of integral clock genes, although it is surprisingly resilient to a reduction in overall transcriptional rates [92] . Outside of these integral clock genes, post-transcriptional/translational regulation likely helps to provide additional flexibility by generating rhythms in mRNA transcripts or proteins in a tissue-or stimulus-dependent manner. For example, genes with arrhythmic transcription and rhythmic mRNA are enriched for metabolic functions and sensory detection [41] , suggesting that one purpose of post-transcriptional regulation of clock targets may be to integrate metabolic or environmental cues more rapidly than transcription alone could allow. Studies are just beginning to shed light on the multitude of post-transcriptional/translational mechanisms that provide this regulation, although our understanding of how these mechanisms collaborate to regulate circadian biology is far from complete. Future work should be focused on identifying key proteins that confer post-transcriptional regulation to clock target genes, elucidating their mechanism of action, and demonstrating their sufficiency for generating rhythms at their respective molecular levels.
Notably, among the small set of systemically controlled genes in the liver (those that remained rhythmic when the local clock in the liver was specifically ablated) are several that encode proteins involved in post-transcriptional control, such as FUS, CIRP and Nocturnin [27] . CIRP (Cold-inducible RNA-binding protein) plays an important role in the core clock mechanism through its interaction with Clock mRNA, which results in stabilization of Clock mRNA in the cytoplasm. A reduction in CIRP levels causes low levels of CLOCK protein as well as other circadian components, leading to significant blunting of molecular circadian rhythms [93] . By contrast, Nocturnin is not part of the core clock mechanism, but instead is a deadenylase that regulates the stability and/or translatability of circadian output mRNAs through control of poly(A) tail length [94, 95] . The importance of this post-transcriptional circadian control mechanism is clear since loss of Nocturnin results in strong metabolic phenotypes in mice, including resistance to diet-induced obesity [96, 97] . Importantly, the interaction of systemically controlled genes with the molecular machinery of peripheral clocks helps to give rise to tissue-specific patterns and 12-hour harmonics of circadian gene expression, driven by the integration of transcriptional and post-transcriptional mechanisms (Figure 3 ) [27, 98, 99] . Understanding the interplay between transcriptional and posttranscriptional mechanisms, as well as how locally controlled clock genes are additionally regulated by systemic cues will be important for a complete understanding of the circadian gene expression landscape in each tissue and cell type.
Concluding remarks
Our lives are intimately tied to the external environment through the interaction of our intrinsic molecular clocks with the solar cycle. Knowledge of how internal clocks drive 24hour timing to temporally coordinate physiology has improved in recent years, but we still lack fundamental insight into the molecular basis of circadian timing and tissue-dependent control of physiology. Although built upon transcription-based feedback loops, it now appears that the majority of clock-controlled processes arise from some type of posttranscriptional regulation [39, 41] , possibly to provide flexibility to peripheral clocks to afford local, tissue-specific control over physiology. Looking ahead to translational studies that aim to capitalize on circadian control of temporal homeostasis and to control physiological integration at the organism level, it will be important to identify the specific molecular mechanisms that regulate each peripheral clock, alongside the required systemic and local metabolic cues. Furthermore, while structural and mechanistic studies [58, 59, 64, 65, 67, 74, 75, [100] [101] [102] are beginning to provide insight via much-needed atomic resolution of the core clock proteins that drive circadian TTFLs, more studies are needed to explore how 24-hour timing arises and how interindividual differences affect this timing through inherited mutations and polymorphisms [103] . Such studies would also help identify molecular targets and/or mechanisms for pharmacological modulators of circadian timing identified from high throughout screens [104] [105] [106] . The recent identification of "clock enhancing molecules" that increase the robustness of circadian cycling, even in the presence of mutant clock proteins [107] , suggests that the dysfunctional clocks can be targeted with novel therapeutics that reinforce internal timing for personalized medical treatment regimes in disease and throughout the decline of circadian function in aging [108] .
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Glossary
Circadian time (CT)
a standard of time based on the internal free-running period of a circadian clock. By convention, the onset of activity in diurnal organisms defines circadian time zero (CT 0; usually 6 a.m.), while the onset of activity in nocturnal organisms defines circadian time twelve (CT 12)
Entrainment
synchronization of an internal circadian oscillator to an environmental stimulus that occurs at regular intervals (usually with ~24-hour periodicity)
Free-running the state of a self-sustaining molecular rhythm (oscillation) in the absence of any external cues that may affect the period of the oscillator Homeostasis the tendency to maintain internal equilibrium by adjusting physiological processes
Highlights
• The circadian clock generates molecular rhythms with 24-hour periodicity.
• Circadian control of physiology is distributed to peripheral tissues.
• 24-hour timing arises from the ordered recruitment of clock proteins to promoters.
• Many mechanisms are used to generate rhythmic output from the core molecular clock.
• Clocks integrate with systemic cues to give flexibility to circadian physiology. Structural determinants of clock protein complex assembly and competition. (a) Ribbon diagram of the mouse CLOCK:BMAL1 heterodimer bHLH-PAS structure (Protein Data Bank (PDB) code 4F3L, taken from [59] ) illustrating how the DNA-binding bHLH domain and tandem PAS domains each contribute to complex formation between CLOCK (green) and BMAL1 (blue). This structure lacks the C-terminal regions of each protein (471 of 855 residues in CLOCK and 179 of 626 residues in BMAL1) that lack ordered structure but are required for CLOCK:BMAL1 activity and clock function. Inset, a closer view of the CLOCK:BMAL1 bHLH domain bound to a canonical E-box element in DNA (PDB code 4H10 [60] ). (b) A schematic representation of clock protein domain organization highlights regions on BMAL1, PER, and the E3 ubiquitin ligase SCF FBXL3 (blue) that compete for interaction with the conserved CC helix of cryptochromes (orange), as illustrated in the mouse CRY2: SCF FBXL3 complex structure (PDB code 4I6J [75] ). The CC helix (orange) of CRY2 (red) serves as the primary docking site for the SCF FBXL3 E3 ubiquitin ligase (blue), which competes with PER2 for binding at this site [74, 75] to regulate the stability of cryptochromes. Schematic outline of the relationship between molecular mechanisms that contribute to the generation of circadian rhythms. Local control of circadian transcriptional and posttranscriptional mechanisms is integrated with systemic cues from the master clock in the SCN, as well as feeding and metabolism, to generate tissue-specific changes in transcription, mRNA accumulation and protein production. Different classes of clock-controlled genes are illustrated with either flat lines, to demonstrate constitutive expression at a given step (e.g. nascent transcript or mRNA), or sinusoidal lines, to demonstrate circadian regulation giving a once-per-day peak. Recent studies support the existence of these discrete classes [35, 39, 41] , although the mechanisms used to discriminate between regulation of specific target genes are not well understood. The flexibility afforded by this complex, integrative approach likely allows for the maintenance of a core molecular clock in each cell (primarily driven by transcription) while allowing the tissue-specific control of clock-controlled genes necessary for temporal regulation of physiology by the clock.
